In this study, 3-D numerical analysis of temperature distribution in the automo
Introduction
With progressive changes in vehicle styling, tightening fuel economy constraints, the replacement of the environmentally unsafe refrigerants and corresponding reductions in the heat available for the passenger heating system, there is interest in the development of more effective heating, ventilating, and air conditioning (HVAC) systems to ensure passengers thermal comfort even in extreme conditions by considering market situation. However, the complexity of human thermo-physiological model and physiological shape of the human body and highly transient conditions in the vehicle cabin make the computational fluid dynamics (CFD) analysis more difficult [1] . Analysis of complex HVAC systems based on numerical calculations with sufficient accuracy and acceptable results is now possible for HVAC researchers by using improved computer technology and CFD techniques [1] [2] [3] [4] [5] [6] [7] [8] . In these studies, numerical simulations were computed under different environmental conditions such as standard heating and cooling periods.
Computational grid and boundary conditions
The dimensions of the computer-aided design (CAD) model of the vehicle cabin were obtained from the test car which was a 2005 model 1600 cm 3 model of the vehicle cabin is shown in fig. 1(a) . Virtual manikin added to the CAD model to predict the local heat characteristics of the human body surfaces. The manikin used in this study has a height of 1.70 m and a total surface area of 1.81 m 2 at the standing position. Different types of mesh structures were used to achieve optimum mesh structure in terms of computing time and precision results. We used hex-core mesh structure which had hexahedron elements in the center volume region and tetrahedron elements near the boundary surface. This computational domain consists of about 900000 volume cells and the section view of the mesh structure is shown in fig. 1(b) . Generally, at the interior and exterior surfaces of the vehicle cabin, various boundary conditions can be used for numerical simulations. In these numerical simulations, constant heat flux or constant temperature boundary conditions were applied at the manikin surfaces. In this numerical study, we just shown the results of the simulations where the constant temperature boundary condition was used for manikin surfaces. Temperature of the surfaces without clothes such as head and hands was set a value of 33.7 C; the temperature of the surfaces with clothes was set a value of 24.4 C for all cases. This value corresponds to the thermal resistance of the clothes was 1 clo (0.155 m 2 C/W). Convective boundary condition was considered at the glazing surfaces and outer surfaces of the cabin for all simulations. Air temperature profile obtained from the measured data was used as the boundary condition at the inlet vents. The temperature profiles used for heating and cooling simulations are shown in fig. 2 . Air velocity at the inlet vents was chosen as a constant value considering the grade of heating or cooling system of automobile cabin. Surface-to-surface model, including view factors, and discrete ordinate model were used for the calculation of radiation heat transfer among the interior surfaces of the cabin and the results were compared each other. In numerical solutions, second order discretization method was used for convection terms and SIMPLE algorithm was chosen for pressure velocity coupling. For the turbulence modelling, the random number generation (RNG) k-model was chosen for the numerical calculations. This turbulence model is generally used for such calculations due to stability and precision of numerical results in literature [3] [4] [5] . The detailed information about these boundary conditions and the numerical results can be found in references [2, 5, 8, 9] . We also determined discrete measurement points in the cabin environment for validating numerical results. These points are shown in tab. 1. Head level (the right front) P9
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Numerical results
The temperature predictions at 20 and 30 minutes of heating and cooling period at the vertical centre plane of the automobile cabin are shown in figs. 3(a)-(d) , respectively. Although, higher temperature gradients were computed in ten minutes of heating period, temperature changed slowly down after this period and almost steady-state conditions were reached about 30 minutes of heating period.
From the results of the simulation, the temperature the temperature values were decreased with cooling time and in the front region of the vertical plane, a temperature value of 30 °C was calculated at the chest level. High temperature values were computed near the glazing or ceiling surfaces which were more affected from the solar radiation. The mean temperature predictions at the surfaces of the vehicle cabin for heating and cooling periods are shown in tab. 2. The surface temperature of the cabin surfaces were computed nearly about ambient temperature for heating period, however, the surface temperature values computed for cooling period were quite different from ambient temperature due to solar radiation effects and radiation heat transfer among the interior surfaces of the cabin. The comparisons of the experimental data to the predicted temperature values for heating period at the sample points (P1, P2, P3, and P8) is shown in fig. 4 and the comparison of the experimental data to the surface temperature values for cooling period is shown in tab. 3. Both the measured and computed data curves present same trend with the time in fig. 4 and the predicted surface temperature values for cooling period were nearly about experimental data. The heat transfer characteristics of the whole body for heating period are shown in the tab. 4. With increasing time, radiation and convection heat fluxes approach each other and total heat flux on the manikin is decreasing from about 95 to 65 W/m 2 . 
Conclusions
Highly transient conditions were obtained in the first 15 and 20 minutes of heating and cooling periods in the automobile cabin. Considering the physiological models of the human body, it can be said that using the constant temperature boundary condition on the human body surfaces is more realistic compared to the constant heat flux boundary condition for evaluating the thermal characteristics of the human body surfaces. Surface-to-surface or discrete ordinate model can be used for the calculations of the radiation heat transfer among the cabin interior surfaces but these models show differences in terms of computation and preprocessing time. Considering the heat interactions between human body surfaces and cabin environment, convective heat transfer has a great effect on the human body at the beginning of the heating period but radiation heat transfer has an important role on human body. Higher temperature values were calculated at the surfaces directly affected by the solar radiation in the automobile cabin thus mean temperature of these surfaces was decreased slowly compared to the other surfaces during the cooling period.
